ABSTRACT: In the process of running of the blast furnace top gas pressure recovery turbine, abnormal noise and vibration from the gas turbine engine were noticed. One blade was found fractured from the middle during the overhaul inspection of this machine after running. In order to avoid the similar accident from happening again, comprehensive inspections on the failed blade have been carried out with the mechanical property testing, metallographic structure observation, chemical composition analysis, macro-fracture and micro-fracture analysis, and energy spectrum analysis. The analytical results show that many spherical particles are noticed in the area of crack initiation, and these spherical particles are similar to the blade material in chemical composition. After a series of tests, it was thought that these spherical particles are the remnant of molten metal that was firstly cooled in the process of blade casting, and they became the vulnerable part in the blade. When the blade rotates at relatively high speed, the synthesis of centrifugal and aerodynamic stresses may cause the occurrence of stress concentration in the vulnerable part inside of blade, causing the initiation and propagation of crack and subsequently resulting in the blade fracture.
INTRODUCTION
Blast furnace top gas pressure recovery turbine unit (TRT) is a rotary device that can turn the pressure of gas (a byproduct that is produced in the process of blast furnace smelting) into the mechanical energy of rotor [1] . As one of the core parts in TRT, Blade not only bears the complex load of centrifugal stress and aerodynamic stress that are produced by its own weight and air flow respectively, but also is affected by gas corrosion and erosion. Working in such complex conditions, blade is liable to failure in various forms, such as stress corrosion cracking, material creep, fretting wear and so on [2] [3] [4] [5] [6] [7] [8] . Once the blade was destroyed, the performance of turbine unit was affected at best; TRT failure and casualties happened at worst [9] . Consequently, researches and analysis of the failure mechanism of blade seem indispensable and significant to avoid similar failure from happening again and improve the working reliability of TRT.
FAILURE EVENTS
In the process of running of the blast furnace top gas pressure recovery turbine, abnormal noise and vibration from the gas turbine engine was noticed. One blade was found fractured from the middle of the blade during the overhaul inspection of this machine after running. The material of the blade is 2Cr13, a martensitic stainless steel. The macro profile of the concave and convex surfaces of failed blade is shown as Fig.1 and Fig.2 .
In order to study and analyze the failure mechanism of blade, comprehensive inspections to the failed blade have been carried out with the mechanical properties testing, metallographic structure observation, chemical composition analysis, macro-fracture and micro-fracture analysis, and energy spectrum analysis. It can be seen in Fig.1 and Fig.2 that the pressure surface of the failed blade was more severely corroded than the suction surface of that. It may be the consequence of the direct connection between the pressure surface of blade and the corrosive gas expulsed by blast furnace. On the other hand, the different degrees of corrosion in the concave and convex surface indicate the corrosive working atmosphere of blade, which is liable to cause blade failure. To study the causes of blade failure in further, a series of analysis and inspection methods were used. The sampling positions of blade are shown as Fig.3 .
EXPERIMENTAL INVESTIGATIONS
The investigations and tests included the following:
Visual inspection Chemical composition analysis Mechanical properties test Macro hardness test Metallographic structure observation 
Visual inspection
Fracture morphology of failed blade is shown as Fig.4 . It can be seen in Fig.4 that oxidized characteristic in the fracture morphology is obvious for it is relatively long placed. Therefore, there is a little possibility of observing the morphology of crack origin. According to the fracture flatness and morphology of failed blade, shown as Fig.4 , the left part in fracture is thick and rough while the right part is relatively thin and smooth, which indicates there is a high possibility of finding crack origin in the left part. Moreover, it can be inferred that the area of crack initiation lies in the red marked zone in the Fig.4 , according to the convergence direction of radial striaes. Based on the above analysis of fracture, it is indicated that the crack first emerged in the left part in fracture and propagate to around. Since the crack origin zone lies in the middle part of fracture, different form the general crack originated from the edge of blade, it can be speculated that there must be something different in the crack origin zone.
Chemical compositions analysis
The chemical composition of the failed blade made with 2Cr13 martensitic stainless steel is determined with lab method, which measures element weight percentages, shown as Table. 1. According to the standard chemical compositions of 2Cr13 steel, the measured chemical compositions of 2Cr13 steel live up to its standard [10] . 
Mechanical properties test
The sampling positions are shown as Fig.3 . The remaining material of failed blade was machined into tensile samples and impact samples to test the mechanical properties of failed blade. The measured mechanical properties of failed blade are shown in Table. 2. The yield strength, the tensile strength, the area reduction and the impact toughness in the test positions of failed blade conform to the JB/T 3073.2-1991 standard. However, the elongation of the one sample is lower than the criteria in the standard, which indicates the heterogeneity of mechanical properties. 
Macro hardness test
The Brinell hardness test was performed to evaluate the hardness of the different zones in failed blade. The measured hardness values in different zones are shown in Table. 3. According to the measured hardness, all these test values conform to the JB/T 3073.2-1991 standard [10] . However, there is a slight difference in the test values of different zones: the hardness in the suction surface of blade is lower than that in other zone of blade, which is corresponding to the complex working condition that the suction surface of blade had a direct contact to the corrosive gas. 
Metallographic structure observation
In order to examine the matrix structure of failed blade, content of nonmetallic inclusion, average grain size, and the metallographic structure are tested or observed. The metallographic structures in different zones neighboring the fracture are shown as Fig.5 (refer to Fig.3, and from left, a, b , and c, respectively). Lath martensitic microstructures can be observed in the zone near the fracture [11] . There are the normally expected microstructures in blade and is no evidence of microstructural degradation in the failed blade. According to the GB/T 6394-2002 standard [12] , the test of average grain size is conducted. The grain size grades in different zones neighboring the fracture are all about 4 class, showing that there is almost no difference in the grain size near the fracture and no obvious grain growth in the tested zone, and according with the requirements of blade.
The determination of content of nonmetallic inclusion [13] is conducted in further, and its test result is shown in Table. 4. It can be seen in Table. 4 that the type of nonmetallic inclusion is D type (globular oxide inclusion), and the rate of nonmetallic inclusion is relatively low. On the basis of the above analysis, it can be inferred that the quality of material and relevant heat treatment process have lived up to the requirement. 
Fractography
Because of the long-time placement of blade, obvious oxidation characteristics of fracture in blade can be seen by naked eyes. For that, there is a little possibility to observe the unbroken morphology of crack initiation. According to the convergence direction of radial striae, the area of crack initiation can be deduced, shown in the red marked zone in Fig.4 . In order to perform the further investigation in fracture, the area of crack initiation was cut from the failed blade with wire cut electro discharge machining (WEDM). And the sample cut by WEDM was cleaned by ultrasonic cleaner in absolute ethyl alcohol for 30 minutes. When the remnants on the surface of sample were cleaned, the sample was then detected by SEM. A magnification image of the fracture surface of the failed blade is shown in Fig.6 . It can be seen in the Fig.6 that there are lots of unequal-sized spheroidal particles in the area of area of crack initiation in failed blade. The range of particle diameter is approximately from 2mm to 10mm and these spheroidal particles appear mainly in the pit of fracture (that is, the convergence area of radial striaes). These spheroidal particles existing in this area wreck the continuity of material, and serve as the weakness zone in failed blade. To analyze the elements and source of these spheroidal particles, energy spectrum analysis was conducted in the several characteristic zones marked as A-D respectively, shown in the red marked zone in Fig.6 . The results of energy spectrum analysis are shown in Table. 5. It can be known from the results of energy spectrum analysis that there is no quite obvious difference among these characteristic zones. The elements C, O, Cr, Fe are the main elements in the characteristic zones, and there are also a small number of S, Mn elements, which are the impurity elements during smelting. Considering that there is no Cr element in the working atmosphere of TRT and there is little difference in the type of elements between the spheroidal particles and the material of failed blade, it can be concluded that these spheroidal particles are not the exogenous impurity from working gas but the part of material of failed blade. In addition, the presence of O element in several characteristic zones indicates that the fracture has been severely oxidated in long-time placement.
ANALYSIS AND DISCUSSION
In the working process of TRT, the rotor blade bears two loads mainly: the centrifugal stress and the aerodynamic stress. The centrifugal stress includes the centrifugal tensile stress and the centrifugal bending stress, which are both produced by blade own weight when the blade rotates in high speed. And the aerodynamic stress is produced when the air flow goes thought the rotating blade. In addition, the assembling gap between dovetail and groove would increase under the effect of centrifugal stress of blade when the blade rotates in high speed, which causes the tiny and high-frequency vibration of blade inevitably. On one hand, the synthesis of the above stresses and vibration acts on the rotating blade. On the other hand, the geometry and the installation of blade determine that the load of blade is similar to the load of cantilever beam. Therefore,
Zone of crack initiation
the arc transition of root of blade and the positions of ten on teeth are vulnerable to severe stress concentration, which are liable to failure under high speed and loads [14] .
However, in this case of failure, the cracking appears in the middle part of blade, different from the usual failure of blade that is mentioned above. And failure occurred only in one blade. So, it can be concluded that the load of blade is not the main factor that causes the occurrence of failure. Observation of SEM to the zone of crack initiation shows that there are lots of spherical particles in the crack initiation zone and it can be known that the kinds of elements of these particles are similar to the material of 2Cr13 martensitic stainless steel after energy spectrum analysis. After a series of analysis and examination, it is thought that these spherical particles derive from the casting process of blade. Since the blade body has a relatively thinner thickness, the rate of cooling of liquid metal in the blade body is higher than the other parts of blade. As a result, the temperature of liquid metal loses rapidly, and the liquid metal in the front is prone to solidify. In addition, the higher velocity of liquid metal is, the higher possibility of turbulence formation is. Once the turbulence is formed in the process of casting, the particles solidified first are prone to be mixed with liquid metal in the rear. This process may have some adverse effects to the base of material: For one thing, these spherical particles wrecked the continuity of the base, acted as weakness zone in blade and decreased the mechanical properties of material in this part. For another, stress concentration is more likely to occur in this zone when blade was under stresses. The crack formation in the weakness zone is prone to occur when the load borne by blade was over than the limit of material of blade. With the running of TRT, the crack propagated to the neighboring matrix under stresses. So, the radial striaes could be observed in the fracture of blade. As the crack dimension is over its limit size, the strength of material cannot support the loads of blade and the fracture of blade occurs.
CONCLUSIONS
1. The fracture of blade is not in the sensitive area such as the arc transition of root of blade or the position of ten on teeth and the load of blade is not the main factor that causes the occurrence of failure.
2. It is found by a series of inspection on blade that there are many spherical particles in the zone of crack initiation and these particles are chemically similar to the material of 2Cr13 steel. It is thought that these particles are the remnants in the process of casting which are cooled first after a series of analysis and examination. These spherical particles wrecked the continuity of the base, acted as weakness zone in blade and decreased the mechanical properties of material in this part. And stress concentration is more likely to occur in this zone when blade was under stresses.
3. The fracture of blade is related to the defects of material itself and the loads of blade, and the former one is the main reason that causes the occurrence of fracture.
